Mar. 29, 2005 (10) Oct. 7, 1996 Oct. 7, , pp. 2160 Oct. 7, -2162 . "Efficient organic light-emitting diodes with undoped active layers based on silole derivatives" by Hideyuki Murata et al. Applied Physics Letters, vol. 80, No. 2, Jan. 14, 2002, pp. 189-191. Primary Examiner Dawn Garrett (74) Attorney, Agent, or Firm-Raymond L. Owens (57) ABSTRACT A Stacked organic electroluminescent device and a method of making Such device is disclosed. The device comprises an anode, a cathode, at least two organic electroluminescent units disposed between the anode and the cathode, and a doped organic connector disposed between each adjacent organic electroluminescent unit wherein the organic elec troluminescent unit comprises at least one organic hole transporting layer and one organic electron-transporting layer. The doped organic connector comprises at least one n-type doped organic layer or one p-type doped organic layer, or combinations of layers thereof. The present invention relates to providing Stacked organic electroluminescent units to form an organic electrolumines cent device.
BACKGROUND OF THE INVENTION
Organic electroluminescent (EL) devices or organic light emitting diodes (OLEDs) are electronic devices that emit light in response to an applied potential. The Structure of an OLED includes, in Sequence, an anode, an EL medium, and a cathode. The EL medium disposed between the anode and the cathode commonly includes an organic hole-transporting layer (HTL) and an organic electron-transporting layer (ETL). Holes and electrons recombine and emit light in the ETL near the interface at the HTL. Tang et al. (Applied Physics Letters, 51,913 (1987) , Journal of Applied Physics, 65, 3610 (1989) , and commonly assigned U.S. Pat. No. 4, 769, 292) demonstrated highly efficient OLEDs using such a layer structure. Since then, numerous OLEDs with alter native layer Structures, including polymeric materials, have been disclosed and device performance has been improved.
The luminance output and the operational lifetime of OLEDS are important device parameters, which are con trolled by many factors. One of the factors is the driving current. Van Slyke et al. (Applied Physics Letters, 69,2160 1996 indicated that the luminance generally measured in units of candela per Square meter (cd/m) is proportional to the current density passing through the device, and the lifetime of the device is inversely proportional to the current density.
Thus, there is unavoidable tradeoff between luminance and operational lifetime. Accomplishing both high lumi nance and long operational lifetime is therefore very advan tageous and would enable a much wider range of applica tions for OLEDS.
A method to improve the luminance and efficiency of a multicolored or full color RGB OLED has been disclosed by Forrest et al. in U.S. Pat. No. 5, 703, 436. In the method of Forrest, an OLED device is fabricated by vertically stacking multiple, individually addressable OLED units, each emit ting light of a different color. Electrodes are provided between OLED units (intra-electrodes) as a means of inde pendently controlling each individual OLED unit. Specifically, this stacked OLED requires substantially trans parent intra-electrode layerS made of metallic or inorganic materials for electrical conductivity. It also requires bus lines for providing electrical power to control each individual OLED unit. In contrast to side-by-side construction of conventional RGB sub-pixels in an OLED display, Forrest et al. teach that the Stacked orientation in this invention allows each color Sub-pixel to be spread over a greater area, and thus, operate at a lower current density. However, the total current requirements for the device are not reduced, and the luminance efficiency in terms of candela per ampere (cd/A) is actually not improved. In U.S. Pat. No. 6, 274, 980, Bur rows et al. propose In an alternative design, Jones et al. (U.S. Pat. No. 6, 337, 492 ) disclose a stacked OLED structure with a con ductor layer between the individual OLED units without individually addressing each OLED unit in the stack. These conductor layers are basically equivalent to the intra electrode layer of Forrest et al., except that they are not connected to a power supply. While this alleviates the complex wiring problems of U.S. Pat. No. 5, 703, 436 and U.S. Pat. No. 6, 274, 980,  
SUMMARY OF THE INVENTION
It is an object of the present invention to provide an OLED with high brightness.
It is another object of the present invention to provide an OLED with high luminance efficiency.
It is another object of the present invention to provide an OLED with an increased lifetime.
It is another object of the present invention to provide an OLED with an easy color adjustment It is another object of the present invention to provide a stacked OLED with decreased driving voltage.
It is another object of the present invention to provide a stacked OLED with decreased optical absorption.
It is another object of the present invention to provide a stacked OLED with a simplified fabrication process.
It is another object of the invention is to facilitate the use of a stacked OLED device as a lamp.
It is another object of this invention to provide a full color OLED display device with high luminance efficiency and lifetime.
It has been determined, quite unexpectedly, that by doping an organic material to alter its electrical properties, Stacked organic electroluminescent units can be effectively con nected to provide a highly improved electroluminescent device.
These objects are achieved in a Stacked organic electrolu minescent device comprising:
(a) an anode, 3 (b) a cathode; (c) a plurality of organic electroluminescent units dis posed between the anode and the cathode; and (d) a doped organic connector disposed between each adjacent organic electroluminescent unit.
In another aspect, the present invention the objects are achieved by a method of making a Stacked organic elec troluminescent device having at least two organic electrolu minescent units, comprising the Steps of (a) providing a first organic electroluminescent unit con nected to an anode, and a Second organic electroluminescent unit connected to a cathode; and (b) providing a doped organic connector to connect at least the first and Second organic electroluminescent units, Such doped organic connector disposed between each adja cent organic electroluminescent unit, whereby the Stacked organic electroluminescent device includes only a single anode and cathode.
An advantage of the present invention is that it enables a stacked OLED to function without requiring intra electrodes, thereby lowering optical losses.
Another advantage of the present invention is that the stacked OLED device provides significantly improved lumi nance efficiency measured in cd/A compared to the conven tional non-stacked OLED device.
Another advantage of the present invention is that the Stacked OLED has an increased brightness if operated under the same current as that of the conventional OLED.
Another advantage is that the stacked OLED has an increased lifetime if operated under the same brightness as that of the conventional OLED.
Another advantage of the present invention is that the Stacked OLED has a decreased driving Voltage and an increased optical output compared to the prior arts of stacked OLEDS.
Another advantage of the present invention is that the Stacked OLED can be operated with a single Voltage Source with only two electrical bus conductors connecting the device to an external circuit. Thus its device architecture is Significantly leSS complex than those reported in the prior art and is therefore much easier and leSS costly to fabricate.
Another advantage of the present invention is that the Stacked OLED can have a new way to adjust the emission color of the device by mixing appropriate organic electrolu minescent units with different color emissions.
Another advantage of the present invention is that high efficiency white electroluminescence can be produced.
Another advantage of the present invention is that the stacked OLED device can be effectively used in a lamp. It will be understood that FIGS. 1-5 and FIGS. 7-11 are not to Scale Since the individual layers are too thin and the thickness differences of various layers too great to permit depiction to Scale.
DETAILED DESCRIPTION OF THE INVENTION
In order to more fully appreciate the construction and the performance of the stacked OLED with organic EL units and doped organic connectors in the present invention, a prior art Stacked OLED will be described with reference to FIG. 1.
In FIG. 1 , a prior art stacked OLED 100 has several OLED units. In order to simplify the explanation, we give three stacks as example. OLED units 1, 2, and 3 have their own anode (11,21, and 31), cathode (13, 23, and 33), and organic EL medium (12, 22, and 32) . The anode of each OLED unit in the stacked OLED 100 is preferably trans parent and formed from indium tin oxide (ITO). The cathode of each OLED unit in the stacked OLED 100 is preferably transparent and formed from a metal or diamond like carbon. The organic EL medium of each OLED unit in the stacked OLED 100 preferably includes a HTL, at least one light emitting layer (LEL) and an ETL. AS mentioned before, since each OLED unit in the stacked OLED 100 has its own Set of electrodes, the optical absorption problem can be Significant.
FIG.2 shows a stacked OLED 200 in accordance with the present invention. This stacked OLED has an anode 210 and a cathode 240, at least one of which is transparent. Disposed between the anode and the cathode are N organic EL units 220, where N is greater than 1. These organic EL units, Stacked Serially to each other and to the anode and the cathode, are designated 220.1 to 220.N where 220.1 is the first EL unit (adjacent to the anode) and 220.N is the N' unit (adjacent to the cathode). When N is greater than 2, there are organic EL units not adjacent to the anode or cathode, and these can be referred to as intermediate organic EL units. Disposed between any two adjacent organic EL units is a doped organic connector 230. There are a total of N-1 doped organic connectors associated with N organic EL units and they are designated 230.1 to 230.(N-1). Organic connector 230.1 is the doped organic connector between organic EL units 220.1 and 220.2, and 230.(N-1) is the doped organic connector disposed between organic EL units 220.(N-1) and 220.N. The stacked OLED 200 is connected to a voltage/ current source 250 through electrical conductors 260. S Stacked OLED 200 is operated by applying an electric potential generated by a Voltage/current Source 250 between a pair of contact electrodes, anode 210 and cathode 240, such that anode 210 is at a more positive potential with respect to the cathode 240. This externally applied electrical potential is distributed among the N organic EL units in proportion to the electrical resistance of each of these units. The electric potential across the stacked OLED causes holes (positively charged carriers) to be injected from anode 210 into the 1' organic EL unit 220.1, and electrons (negatively charged carriers) to be injected from cathode 210 into the Nth organic EL unit 220.N. Simultaneously, electrons and holes are generated in, and Separated from, each of the doped organic connectors (230.1-230.(N-1)). Electrons thus gen erated in, for example, doped organic connector 230.(x-1) (1<XSN) are injected towards the anode and into the adja cent organic EL unit 220.(x-1). Likewise, holes generated in the doped organic connector 230.(x-1) are injected towards the cathode and into the adjacent organic EL unit 220.X. Subsequently, these electrons and holes recombine in their corresponding organic EL units to produce light, which is observed via the transparent electrode or electrodes of the OLED.
The number of the organic EL units in the stacked OLED is in principle equal to or more than 2. Preferably, the number of the organic EL units in the stacked OLED is such that the luminance efficiency in units of cd/A is improved or maximized.
Device Architecture

Organic Electroluminescent (EL) Units
Each organic EL unit 220 in the stacked OLED 200 is capable of Supporting hole and electron transport, and electron-hole recombination to produce light. Each organic EL unit 220 can include a Single layer or a plurality of layers. Organic EL unit 220 can be formed from small molecule OLED materials or polymeric LED materials, both known in the art, or combinations thereof. There are many organic EL multilayer Structures and materials known in the art that can be used as the organic EL unit of this invention. Each organic EL unit in the stacked OLED device can be the same or different from other units. Some organic EL units can be polymeric LED and other units can be Small molecule OLEDs. Each organic EL unit can be selected in order to optimize performance or achieve a desired attribute, for example light transmission through the OLED Stack, driving Voltage, luminance efficiency, light emission color, manufacturability, device Stability, and So forth. FIG. 3 4 illustrates another useful embodiment the present invention, stacked OLED 400, wherein the organic EL unit 420 includes a light-emitting layer (LEL) 325 disposed between a HTL and an ETL. This unit structure is conve niently designated HTL/LEL/ETL. In this embodiment, the recombination of the hole and electron carriers and elec troluminescence occurs primarily in the LEL. The LEL in each organic EL unit are designated 325.1 to 325.N where, in this embodiment, 325.1 is the LEL in organic EL unit 420.1 adjacent to the anode, and 325.N is the LEL in organic EL unit 420. Nadjacent to the cathode. The properties of the LEL in the device can be individually optimized to achieve the desired performance or feature, for example light trans mission through the OLED stack, driving Voltage, lumi nance efficiency, light emission color, manufacturability, device stability, and so forth. The description above regard ing the HTL, ETL, HIL, and EIL, apply to FIG. 4 as well.
In order to minimize driving Voltage for the Stacked OLED, it is desirable to make each organic EL unit as thin as possible without compromising the electroluminescence efficiency. It is preferable that each organic EL unit is leSS than 500 nm thick, and more preferable that it be 2-200 nm thick. It is also preferable that each layer within the organic EL unit be 200 nm thick or less.
Doped Organic Connectors
The doped organic connectors provided between adjacent organic EL units are crucial, as this connection is needed to provide for efficient electron and hole injection into the adjacent organic EL units. Each doped organic connector of this invention includes at least one n-type doped organic layer, or at least one p-type doped organic layer, or a combination of layers, thereof. Preferably, the doped organic connector includes both an n-type doped organic layer and a p-type doped organic layer disposed adjacent to one another to form a p-n heterojunction. It is also preferred that the n-type doped organic layer is disposed towards the anode Side, and the p-type doped organic layer is disposed towards the cathode Side. A non-limiting example of this configura tion is shown in FIG. 5, where there are two stacked organic EL units, 320.1 and 320.2. Definitions for ETL, HTL, HIL, and EIL are as defined previously. In stacked OLED 500, n-type doped organic layer 237 is provided between ETL 327.1 and p-type doped organic layer 233. The p-type doped organic layer 233, is provided between n-type doped organic layer 237 and HTL 323.2. The choice of using n-type doped organic layer, or a p-type doped organic layer, or both (the p-n junction) is in part dependent on the organic materials that include the organic EL units. Each connector can be optimized to yield the best performance with a particular Set of organic EL units. This includes choice of materials, layer thickness, modes of deposition, and So forth. 7 An n-type doped organic layer means that the organic layer has Semiconducting properties after doping, and the electrical current through this layer is Substantially carried by the electrons. A p-type doped organic layer means that the organic layer has Semiconducting properties after doping, and the electrical current through this layer is Substantially carried by the holes. A p-n heterojunction means an inter facial region (or junction) formed when a p-type layer and an n-type layer contact each other.
The n-type doped organic layer in each doped organic connector includes a host organic material and at least one n-type dopant. The host material in the n-typed doped organic layer can include a Small molecule material or a polymeric material, or combinations thereof, and it is pre ferred that it can Support electron transport. The p-type doped organic layer in each of the doped organic connector includes a host organic material and at least one p-type dopant. The host material can include a Small molecule material or a polymeric material, or combinations thereof, and it is preferred that it can Support hole transport. In Some instances, the same host material can be used for both n-typed and p-type doped organic layers, provided that it exhibits both hole and electron transport properties set forth above. The n-type doped concentration or the p-type doped concentration is preferably in the range of 0.01-10 vol. 9%. The total thickness of each doped organic connector is typically less than 100 nm, and preferably in the range of about 1 to 100 nm.
The organic electron-transporting materials used in con ventional OLED devices represent a useful class of host materials for the n-type doped organic layer. Preferred materials are metal chelated OXinoid compounds, including chelates of oxine itself (also commonly referred to as 8-quinolinol or 8-hydroxyquinoline), Such as tris(8hydroxyquinoline) aluminum. Other materials include vari ous butadiene derivatives as disclosed by Tang (U.S. Pat. No. 4, 356, 429) , various heterocyclic optical brighteners as disclosed by Van Slyke and Tang et al. (U.S. Pat. No. 4, 539, 507) , triazines, hydroxyquinoline derivatives, and benzazole derivatives. Silole derivatives, such as 2.5-bis(2, 2"-bipridin-6-yl)-1,1-dimethyl-3,4-diphenyl silacyclopenta diene as reported by Murata et al. Applied Physics Letters, 80, 189 (2002) ), are also useful host materials.
The materials used as the n-type dopants in the n-type doped organic layer of the doped organic connectors include metals or metal compounds having a work function less than 4.0 eV. Particularly useful dopants include alkali metals, alkali metal compounds, alkaline earth metals, and alkaline metal compounds. The term "metal compounds includes organometallic complexes, metal-organic Salts, and inor ganic Salts, oxides and halides. Among the class of metal containing n-type dopants, Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, La, Ce, Sm, Eu, Tb, Dy, or Yb, and their compounds, are particularly useful. The materials used as the n-type dopants in the n-type doped organic layer of the doped organic connectors also include organic reducing agents with Strong electron-donating properties. By "strong electron-donating properties' we mean that the organic dopant should be able to donate at least Some electronic charge to the host to form a charge-transfer complex with the host. Non-limiting examples of organic molecules include bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF), tetrathiafulvalene (TTF), and their derivatives. In the case of polymeric hosts, the dopant can be any of the above or also a material molecu larly dispersed or copolymerized with the host as a minor the p-type doped organic layer. Preferred materials include aromatic tertiary amines having at least one trivalent nitro gen atom that is bonded only to carbon atoms, at least one of which is a member of an aromatic ring. In one form the aromatic tertiary amine can be an arylamine, Such as a monoarylamine, diarylamine, triarylamine, or a polymeric arylamine. Other suitable triarylamines substituted with one or more vinyl radicals and/or comprising at least one active hydrogen-containing group are disclosed by Brantley et al. (U.S. Pat. Nos. 3, 567, 450 and 3, 658, 520) . A more preferred class of aromatic tertiary amines are those which include at least two aromatic tertiary amine moieties as described by The materials used as the p-type dopants in the p-type doped organic layer of the doped organic connectors are oxidizing agents with Strong electron-withdrawing proper ties. By "strong electron-withdrawing properties' we mean that the organic dopant should be able to accept Some electronic charge from the host to form a charge-transfer complex with the host. Some non-limiting examples include organic compounds Such as 2, 3,5,6-tetrafluoro-7,7,8,8- tetracyanoquinodimethane (F-TCNQ) and other derivatives of TCNQ, and inorganic oxidizing agents Such as iodine, FeCl3, SbCl5, and some other metal chlorides. In the case of polymeric hosts, the dopant can be any of the above or also a material molecularly dispersed or copolymerized with the host as a minor component.
Examples of materials that can be used as host for either the n-type or p-type doped organic layers include, but are not limited to: Various anthracene derivatives as described in Formula F below and in U.S. Pat. No. 5, 972, 247; certain carbazole derivatives, such as 4,4-bis(9-dicarbazolyl)biphenyl (CBP); and distyrylarylene derivatives such as 4,4'-bis(2,2'-diphenyl vinyl)-1,1'-biphenyl and as described in U.S. Pat. No. 5,121,029.
The materials used for fabricating the doped organic connectors of this invention are Substantially transparent to emitted light.
Utility of this Invention The present invention can be employed in most OLED device configurations. These include very Simple Structures comprising a single anode and cathode to more complex devices, Such as passive and active matrix displayS. A passive matrix display is comprised of orthogonal arrays of anodes and cathodes to form pixels at their interSections, wherein each pixel acts as an OLED device that can be electrically activated independently of other pixels. In active-matrix displays, an array of OLED devices (pixels) are formed in contact with thin film transistors (TFTS) such that each pixel is activated and controlled independently by these TFTs. It is appreciated that any device must be provided with a means for generating the necessary Voltage to operate the stacked OLED.
This invention can be advantageously used in applications Such as general area lighting, area color displays, full color displays (such as in cell phones, PDAS, computer Screens, television sets, etc.), heads-up displays, microdisplays, and any device that requires improved brightness or lifetimes. A few non-limiting examples are discussed below. White-Emitting Devices By using RGB stacks, this invention enables white light generation at greatly improved efficiency and operational 9 lifetime compared to OLED devices of the prior art. One application for this improved white light-producing, Stacked OLED is in general purpose or area lighting, where high luminance originated from a large Surface area is desirable. FIG. 7 illustrates an example of a white light-emitting Structure that can be used as an area lighting device or lamp 350. In FIG. 7 , anode 210 is formed over transparent Substrate 201. An alternating current Source, 253, is con nected to a DC/pulse converter 252 which provides current to the cathode 240 and anode 210 of the lamp via electrical conductors 260. In this example, organic EL unit 220.1 emits blue light, organic EL unit 220.2 emits green light, and organic EL unit 220.3 emits red light. The intensity and exact hue of light emission from each organic EL unit is chosen So that they combine to yield white light, or nearly white light. Doped organic connectors 230.1 and 230.2 are as defined previously. There are many other combinations of organic EL units that can be used to yield light that appears white. For example, two-layer Structures that emit blue and yellow light, or that emit red and cyan light, or that emit green and magenta light, can be used to generate white light. In all cases these units can be combined multiple times. For example, one can use Several RGB Stacks in a Single device.
Another application is in full color displays where white light is generated by each pixel and filtered using RGB filters. That is, an RGB filter is provided between the display and a viewer. This simplifies manufacturing because it is generally easier to apply a RGB filter after OLED device fabrication than to pattern RGB emitting pixels. While there are manufacturing advantages, this RGB filter method Suf fers greatly from lost efficiency Since the filter wastes much of the generated light. A high efficiency RGB stack of this invention allows for the fabrication of a filtered RGB display that is not disadvantaged in terms of efficiency relative to a conventional patterned emissive RGB OLED of the prior art, and maintains the manufacturing advantage.
FIGS. 8 and 9 illustrate a non-limiting example of a matrix array of white light-emitting stacked OLED devices that can be used to fabricate a full-color matrix display. FIG. 8 is a cutaway Schematic showing one example of electrical circuitry that can used to independently activate each Stacked OLED device (i.e., each pixel). This matrix array is commonly referred to as an active matrix array. The active matrix array is composed of X-direction Signal lines X1,X2, X3, ..., Xn, Y-direction signal lines Y1, Y2, Y3, . . . , Ym, power supply (Vdd) lines Vdd 1, Vdd2, Vdd3, ..., Vddin, thin-film transistors (TFTS) for switching TS11, TS21, TS31,..., TS12, TS22, TS23,..., TS31, TS32, TS33,..., TSnm, thin-film transistors (TFTs) for current control TC11, TC21, TC31, . . . , TC12, TC22, TC23, TC31, TC32, TC33, . . . , TCnm, stacked OLED devices EL11, EL21, EL31,..., EL12, EL22, EL23,..., EL31, EL32, EL33,..., ELnm, capacitors C11, C21, C31,..., C12, C22, C23, ..., C31, C32, C33, . . . , Cnm, X-direction driving circuit 207, Y-direction driving circuit 208, and the like. Hereupon, only one pixel is Selected by one of X-direction Signal lines X1 to Xn and one of Y-direction signal lines Y1 to Ym, and a thin-film transistor for Switching TS comes into the "on" State at this pixel, and due to this, a thin-film transistor for transparent Support 601 (typically glass or quartz), are transparent organic insulator layers 602 and 603, and the wiring, capacitors, and transistors necessary to drive the individual stacked OLED devices or pixels in the array. For clarity, the electrical wiring, capacitors, and transistors in each pixel are designated by blocks ELEC11, ELEC12, and ELEC13, used to drive EL11, EL12, and EL13, respectively. Provided over organic insulator layer 602 is an array of optically transparent anode pads, 610, that are connected to ELEC11, ELEC12, and ELEC13 by conductive wiring 606, which may or may not be optically transparent. Organic insulator 603 is provided over organic insulator 602 and anode pads 610 and patterned to reveal the anode pads. Provided over the anode pads and organic insulator 603 is white-light emitting organic layer 605 comprising a Stack of two or more organic EL units and doped organic connectors as taught in this invention, necessary to yield white light emission. For example, a Stack of red, green, and blue emitting units, or a Stack of blue and yellow-emitting units can all be effective. These organic EL units can be deposited over the entire display device. This is followed by deposition of cathode 640, which is common to each stacked OLED device. When activated, white light is emitted through the transparent anode 610, transparent organic insulator, 602, and through the transparent Substrate 601. The emission area of each stacked OLED device (pixel) is defined by the contact area with the anode. Provided on the Surface of the transparent Substrate opposite the matrix array of white light-emitting organic electroluminescent devices, is an array of red (651), green (652), and blue (653) filters that are positioned in registration with each pixel. Thus, in FIG. 9 , white light generated by EL11 appears red, white light generated by EL12 appears green, and white light generated by EL13 appears blue. Materials and methods for depositing color filter arrays on glass Substrates are well known in the art.
Color-Conversion Displays
Another application of this invention is in devices or displays that utilize blue emissive pixels and then use color conversion media filters to generate red and green light, thus making a full color display. Unfortunately, blue-emitting OLEDs have historically been the least efficient and have had the worst lifetime. The efficiency and lifetime improve ments of this invention (e.g., a Stack of blue-emitting organic EL units) can be used to great advantage in these devices.
A non-limiting example of Such a display is shown in FIG. 10 and is driven by the same active matrix circuitry as described previously in FIG. 8 . Full-color matrix display 660 has many of the same components as described previ ously for display 600, in FIG. 9, but utilizes an array of blue-emitting Stacked organic electroluminescent devices and an array of color conversion filters in registration with the blue-emitting devices. The color conversion filters are situated between the devices and the viewer. In matrix display 660, blue light-emitting organic layer 665 includes a Stack of two or more blue-emitting organic EL units. Pro Vided on the Surface of the transparent Substrate opposite the matrix array of blue light-emitting organic electrolumines cent devices, is an array of blue-to-red (661) and blue-to green (662) color conversion filters that are positioned in registration with each pixel. These filters absorb blue light and fluoresce red or green. No filter is required in blue emitting area 663, although it may include a transparent material or a blue trimming filter to adjust the hue. Thus, in FIG. 10, blue light generated by EL11 appears red, blue light generated by EL12 appears green, and blue light generated 11 by EL13 appears blue. Materials and methods for depositing color conversion filter arrays on glass Substrates are well known in the art.
Triplet Emitters
Triplet emitter dopants such as Ir(ppy) have been shown to have high efficiency when operated at low brightness. Unfortunately, when operated at higher brightness, the effi ciency as well as the device life rapidly decreases. This invention (e.g., a Stack of organic EL units with triplet emitters) enables one to take full advantage of the high efficiency of triplet emitters by operating at low current density to achieve high brightness, without Sacrificing Sta bility.
Area Color Displays
For area color displays where finely patterned pixels are not desired, achieving an exact hue (e.g., as for a company logo) can be difficult with a conventional OLED. Often, Stable and efficient luminescent dyes do not exist that emit the right hue. Alternatively, one may try to mix red, green, or blue luminescent materials in a Single layer to yield the right hue, but this is very difficult because the materials have Significant interactions. For example, a red-emitting dopant will often quench a blue-emitting dopant. In addition to the efficiency advantages of this invention, the organic EL units used in each Stack can be Selected to easily yield any color hue desired. The interactions between organic EL units are minimal in this regard.
Full Color Pixelated Displays
The present invention can be used in full-color matrix displays by making individual OLED stacks of all red, all green, and all blue organic EL units to Serve as RGB pixels. That is, each organic EL unit in a Stack is designed to emit essentially the Same color. The greatly improved luminance efficiency can be used in many ways. For example, one can greatly increase the brightness of a full color display without Sacrificing the Stability of the device relative to a conven tional OLED device.
A non-limiting example of this display configuration is shown in FIG. 11 and is driven by the same active matrix circuitry as described previously in FIG.8. Full-color matrix display 680 has many of the same components as described previously for display 600, in FIG. 9. No filter array is required in matrix display 680. A matrix array of red (681), green (682), and blue (683) emitting organic layers are provided, each comprising a Stack of two or more organic EL units of red, green, or blue, respectively. These organic layers are patterned over the device in registration with the anode pads. Thus, in FIG. 11, EL11 appears red, EL12 appears green, and EL13 appears blue. 
Hole-Injecting Layer (HIL)
While not always necessary, it is often useful that a hole-injecting layer 321 be provided between anode 210 and hole-transporting layer 323. The hole-injecting material can Serve to improve the film formation property of Subsequent organic layers and to facilitate injection of holes into the hole-transporting layer. Suitable materials for use in the hole-injecting layer include, but are not limited to, porphy rinic compounds as described in U.S. Pat. No. 4,720,432, and plasma-deposited fluorocarbon polymers as described in U.S. Pat. No. 6,208,075. Alternative hole-injecting materials reportedly useful in organic EL devices are described in EP O 891 121 A1 and EP 1 O29 909 A1.
Hole-Transporting Layer (HTL)
The hole-transporting layer 323 of the organic EL device contains at least one hole-transporting compound Such as an aromatic tertiary amine, where the latter is understood to be a compound containing at least one trivalent nitrogen atom that is bonded only to carbon atoms, at least one of which is a member of an aromatic ring. In one form the aromatic tertiary amine can be an arylamine, Such as a monoarylamine, diarylamine, triarylamine, or a polymeric arylamine. materials such as polyfluorenes and polyvinylarylenes (e.g., poly(p-phenylenevinylene), PPV) can also be used as the host material. In this case, Small molecule dopants can be molecularly dispersed into the polymeric host, or the dopant could be added by copolymerizing a minor constituent into the host polymer. An important relationship for choosing a dye as a dopant is a comparison of the bandgap potential which is defined as the energy difference between the highest occupied molecu lar orbital and the lowest unoccupied molecular orbital of the molecule. For efficient energy transfer from the host to the dopant molecule, a necessary condition is that the band gap of the dopant is Smaller than that of the host material.
Host and emitting molecules known to be of use include, but are not limited to, those disclosed in U.S. Pat. Nos. 4, 768, 292; 5, 141, 671; 5, 150, 006; 5, 151, 629; 5, 405, 709; 5, 484922; 5, 593, 788; 5, 645, 948; 5, 683, 823; 5, 755, 999; 5, 928, 802; 5, 935, 720; 5, 935, 721; and 6, 020, 078. N-1 N-1 wherein M represents a metal; n is an integer of from 1 to 4, and Zindependently in each occurrence represents the atoms completing a nucleus having at least two fused aro matic rings. From the foregoing it is apparent that the metal can be monovalent, divalent, trivalent, or tetravalent metal. The metal can, for example, be an alkali metal, Such as lithium, Sodium, or potassium; an alkaline earth metal, Such as magnesium or calcium; an earth metal, Such aluminum or gallium, or a transition metal Such as Zinc or Zirconium. Generally any monovalent, divalent, trivalent, or tetravalent metal known to be a useful chelating metal can be employed.
Z completes a heterocyclic nucleus containing at least two fused aromatic rings, at least one of which is an azole or azine ring. Additional rings, including both aliphatic and aromatic rings, can be fused with the two required rings, if required. To avoid adding molecular bulk without improving on function the number of ring atoms is usually maintained at 18 or less. Illustrative examples include 9,10-di-(2-naphthyl) anthracene and 2-t-butyl-9,10-di-(2-naphthyl)anthracene.
Illustrative of useful chelated
Other anthracene derivatives can be useful as a host in the LEL, including derivatives of 9,10-bis(4-(2,2diphenylethenyl)phenyl)anthracene.
Benzazole derivatives (Formula G) constitute another An example of a useful benzazole is 2,2,2"-(1,3,5phenylene)tris 1-phenyl-1H-benzimidazole). In some instances, layers 327 and 325 can optionally be collapsed into a single layer that Serves the function of Supporting both light emission and electron transport. These layers can be collapsed in both small molecule OLED Systems and in polymeric OLED Systems. For example, in polymeric Systems, it is common to employ a hole transporting layer such as PEDOT:PSS with a polymeric light-emitting layer such as PPV. In this system, PPV serves the function of Supporting both light emission and electron transport.
Cathode
When light emission is viewed solely through the anode, the cathode 240 used in this invention can be comprised of nearly any conductive material. Desirable materials have good film-forming properties to ensure good contact with the underlying organic layer, promote electron injection at low Voltage, and have good Stability. Useful cathode mate rials often contain a low work function metal (<4.0 eV) or metal alloy. One preferred cathode material is comprised of a Mg: Ag alloy wherein the percentage of Silver is in the range of 1 to 20%, as described in U. S. Pat. No. 4, 885, 221. Another Suitable class of cathode materials includes bilayers comprising a thin electron-injection layer (EIL) 329 in contact with the organic layer (e.g., ETL) which is capped with a thicker layer of a conductive metal. Here, the EIL preferably includes a low work function metal or metal Salt, and if So, the thicker capping layer does not need to have a low work function. One Such cathode is comprised of a thin layer of LiF followed by a thicker layer of Al as described in U.S. Pat. No. 5,677,572. Other useful cathode material Sets include, but are not limited to, those disclosed in U.S. Pat. Nos. 5, 059, 861; 5, 059, 862, and 6, 140, 763. When light emission is viewed through the cathode, the cathode must be transparent or nearly transparent. For Such applications, metals must be thin or one must use transparent conductive oxides, or a combination of these materials.
Optically transparent cathodes have been described in more detail in U.S. Pat. No. 5,776,623. Cathode materials can be deposited by evaporation, Sputtering, or chemical vapor deposition. When needed, patterning can be achieved through many well known methods including, but not lim ited to, through-mask deposition, integral Shadow masking as described in U. S. Pat. No. 5, 276, 380 and EP 0732 868,  laser ablation, and Selective chemical vapor deposition.
Deposition of Organic Layers
The organic materials mentioned above are Suitably deposited through a vapor-phase method Such as Sublimation, but can be deposited from a fluid, for example, from a solvent with an optional binder to improve film formation. If the material is a polymer, Solvent deposition is useful but other methods can be used, Such as Sputtering or thermal transfer from a donor sheet. The material to be deposited by Sublimation can be vaporized from a Sublima tor "boat' often comprised of a tantalum material, e.g., as described in U.S. Pat. No. 6,237,529, or can be first coated onto a donor sheet and then Sublimed in closer proximity to the Substrate. Layers with a mixture of materials can utilize Separate Sublimator boats or the materials can be pre-mixed and coated from a single boat or donor sheet. Patterned deposition can be achieved using Shadow masks, integral shadow masks (U.S. Pat. No. 5,294.870), spatially-defined thermal dye transfer from a donor sheet (U.S. Pat. Nos. 5,851,709 and 6,066,357) and inkjet method (U.S. Pat. No. 6,066,357).
Encapsulation
Most OLED devices are sensitive to moisture or oxygen, or both, So they are commonly Sealed in an inert atmosphere Such as nitrogen or argon, along with a desiccant Such as alumina, bauxite, calcium Sulfate, clays, Silica gel, Zeolites, alkaline metal oxides, alkaline earth metal oxides, Sulfates, or metal halides and perchlorates. Methods for encapsula tion and desiccation include, but are not limited to, those described in U. S. Pat. No. 6, 226, 890. In addition, barrier layerS Such as SiOX, Teflon, and alternating inorganic/ polymeric layers are known in the art for encapsulation.
Optical Optimization
Stacked OLED devices of this invention can employ various well-known optical effects in order to enhance its properties if desired. This includes optimizing layer thick nesses to yield maximum light transmission, providing dielectric mirror Structures, replacing reflective electrodes with light-absorbing electrodes, providing anti glare or anti-reflection coatings over the display, providing a polar izing medium over the display, or providing colored or neutral density filters over the display.
The entire contents of the patents and other publications referred to in this specification are incorporated herein by reference.
EXAMPLES
The following examples are presented for a further under Standing of the present invention. For purposes of brevity, the materials and layers formed therefrom will be abbrevi ated as given below. ITO: indium-tin-Oxide, used in forming transparent anode 210 on glass substrates. CFX: polymerized fluorocarbon layer, used in forming hole injecting layer on top of ITO. NPB: N,N'-di(naphthalene-1-yl)-N,N'-diphenyl-benzidine;
used in forming the hole-transporting layer in the organic EL unit, and also used as the host in forming the p-type doped organic layer in the doped organic connector.
Alq: tris(8-hydroxyquinoline)aluminum(III); used in form ing both the electron-transporting layer in the organic EL unit, and used as host in forming n-type doped organic layer in the doped organic connector. F-TCNQ: 2,3,5, 6-te trafluoro -7,7,8,8tetracyanoquinodimethane; used as p-type dopant in forming p-type doped organic layer in doped organic COnnectOr.
CH-COCS: Cesium acetate; used as n-type dopant in form ing n-type doped organic layer in doped organic connec tor.
Mg:Ag: magnesium:silver at a ratio of 10:0.5 by volume; used in forming the cathode.
The electroluminescence characteristics of all the fabri cated devices were evaluated using a constant current Source and a photometer at room temperature. Example 1 Conventional OLED-Comparative The preparation of a conventional non-stacked OLED is as follows: A 1 mm thick glass Substrate coated with a transparent ITO conductive layer was cleaned and dried using a commercial glass Scrubber tool. The thickness of ITO is about 42 nm and the sheet resistance of the ITO is about 68 G.2/square. The ITO surface was subsequently treated with oxidative plasma to condition the Surface as an anode. A layer of CFX, 1 nm thick, was deposited on the clean ITO surface as the HIL by decomposing CHF gas in RF plasma treatment chamber. The substrate was then transferred into a vacuum deposition chamber for deposition of all other layers on top of the Substrate. The following (1) a HTL, 75 nm thick, consisting of NPB;
(2) an ETL (also serving as the emissive layer), 60 nm thick, consisting of Alq;
(3) a cathode, approximately 210 nm thick, consisting of Mg:Ag. After the deposition of these layers, the device was transferred from the deposition chamber into a dry box for encapsulation. The completed device Structure is denoted as ITO/CFX/NPB(75)/Alq(60)/Mg. Ag. This device requires a driving voltage of 6.2 V to pass 20 mA/cm'. Its luminance efficiency is 2.4 cd/A. The lumi nance efficiency-current characteristic, indicated as Example 1, is shown in FIG. 6.
Example 2
Comparative A stacked OLED was fabricated with the following Sequential layers:
(1) a HTL, 50 nm thick, consisting of NPB;
(2) an ETL (also serving as the emissive layer), 50 nm thick, consisting of Alq;
(3) a thin metal electrode, 1 nm thick, consisting of Mg:Ag;
(4) another thin metal electrode, 1.5 nm thick, consisting of Ag;
(5) a HTL, 50 nm thick, consisting of NPB; (6) an ETL (also serving as the emissive layer), 50 nm thick, consisting of Alq;
(7) a cathode, approximately 210 nm thick, consisting of Mg:Ag. The processing Steps other than the aforementioned layer deposition were the same as Example 1. The Stacked device structure is denoted as ITO/CFX/NPB(50)/Alq(50)/Mg:Ag/ Ag/NPB(50)/Alq(50)/Mg. Ag. This stacked OLED requires a driving voltage of 21.2 V to pass 20 mA/cm. Its EL efficiency is 0.1 cd/A. Its luminance efficiency-current characteristic, indicated as Example 2, is shown in FIG. 6.
Example 3 Comparative A stacked OLED was fabricated with the following Sequential layers:
(1) a HTL, 75 nm thick, consisting of NPB;
(3) a metal electrode, 10 nm thick, consisting of Mg; (4) a HTL, 75 nm thick, consisting of NPB; (5) an ETL (also serving as the emissive layer), 60 mm thick, consisting of Alq; Comparative Examples 2, 3, and 4 clearly Show that the connection between adjacent organic EL units is very critical in making stacked OLED that is more efficient than the non-stacked OLED. A thin metal intra-electrode layer as described in the prior art apparently can cause transmission loSS due to optical absorption and reflection, as well as carrier injection difficulty when placed in between the organic EL units. Optical absorption could be reduced without any electrode in between the EL units but carrier injection barrier between each organic EL unit would still be very high, as evidenced by the very high driving Voltage.
Example 5 Inventive A stacked OLED was fabricated with the following Sequential layers:
(2) an ETL (also Serving as the emissive layer), 55 nm thick, consisting of Alq;
(3) a n-type doped organic layer, 5 nm thick, consisting of Alq host doped with 2 vol.% CH-COCs, which is part of doped organic connector;
(4) a p-type doped organic layer, 5 nm thick, consisting of NPB host doped with 2 vol.% F-TCNQ, which is the other part of doped organic connector;
(5) a HTL, 70 nm thick, consisting of NPB; (6) an ETL (also Serving as the emissive layer), 60 nm thick, consisting of Alq;
(7) a cathode, approximately 210 nm thick, consisting of Mg:Ag. The processing Steps other than the aforementioned layer deposition were the Same as Example 1. The Stacked device structure is denoted as ITO/CFX/NPB(75)/Alq(55)/Alq:ndopant(5)/NPB:p-dopant(5)/NPB(70)/Alq(60)/Mg:Ag.
The stacked OLED has a driving voltage of 18.5 V, a current density of 20 mA/cm, and an EL efficiency of 3.9 cd/A. Its luminance efficiency-current characteristic, indi cated as Example 5, is shown in FIG. 6.
Example 6 Inventive A stacked OLED was fabricated with the following Sequential layers:
(2) an ETL (also Serving as the emissive layer), 60 nm thick, consisting of Alq;
(3) a p-type doped organic layer, 5 nm thick, consisting of NPB host doped with 3 vol. % F-TCNQ, which is doped organic connector; In order to optimized the light output, a stacked OLED similar to that in Example 6 but having different layer thickness was fabricated with the following Sequential lay CS (1) a HTL, 75 nm thick, consisting of NPB;
(2) an ETL (also serving as the emissive layer), 30 nm thick, consisting of Alq;
(3) a p-type doped organic layer, 5 nm thick, consisting of NPB host doped with 3 vol. % F-TCNQ, which is doped organic connector;
(4) a HTL, 25 nm thick, consisting of NPB; (5) a LEL and ETL, 60 nm thick, consisting of Alq; (6) a cathode, approximately 210 nm thick, consisting of Mg:Ag. The processing Steps other than the aforementioned layer deposition were the same as Example 1. The Stacked device structure is also denoted as ITO/CFX/NPB(75)/Alq(30)/ NPB:p-dopant(5)/NPB(25)/Alq(60)/Mg:Ag.
The luminance efficiency-current characteristic of the stacked OLED is shown in FIG. 6, indicated as Example 7. This optimized device has a driving Voltage of 12V, current density of 20 mA/cm, and an EL efficiency of 4.9 cd/A. It shows that, by Stacking two organic EL units in one OLED Serially, double luminance efficiency could be obtained (with doubled driving Voltage). Since the luminance is proportional to the current density, this stacked OLED device could be operated to produce twice the luminance output of the reference OLED (Example 1) for the same current density. Therefore, the lifetime of the stacked OLED could be increased by a factor of 2 with no sacrifice in luminance. This example demonstrates that by Stacking multiple organic EL units together with the doped organic connectors as described in this invention, further improve ments in luminance efficiency can be achieved.
The above examples demonstrate that Significant increase in luminance efficiency and device life can be achieved by using a stacked OLED of this invention. The invention has been described in detail with particular reference to certain preferred embodiments thereof, but it will be understood that variations and modifications can be effected within the Spirit and Scope of the invention. 8. The Stacked organic electroluminescent device of claim 1 wherein there are at least three organic electroluminescent units and wherein the doped organic connectors comprise an n-type doped organic layer, a p-type doped organic layer, or combinations of layers thereof. 9. The Stacked organic electroluminescent device of claim 8 wherein at least one of the doped organic connectorS is different from at least one other doped organic connector.
10. The Stacked organic electroluminescent device of claim 1 wherein at least one of the organic electrolumines cent units comprises a triplet emitter.
11. The Stacked organic electroluminescent device of claim 1 wherein the thickness of each organic electrolumi nescent unit is from 2 to 200 nm. (d) a doped organic connector disposed between each adjacent organic electroluminescent unit, wherein the doped organic connector comprises at least one n-type doped organic layer and one p-type doped organic layer. 51. The Stacked organic electroluminescent device of claim 50 wherein the doped organic connector comprises an n-type doped organic layer and a p-type doped organic layer disposed adjacent to one another, wherein the n-type doped organic layer is disposed towards the anode Side, and the p-type doped organic layer is disposed towards the cathode Side. 52. The Stacked organic electroluminescent device of claim 51 wherein the n-type doped organic layer comprises at least one host organic material and at least one n-type dopant, wherein the host organic material for the n-type doped organic layer is capable of Supporting electron transport, and wherein the p-type doped organic layer com prises at least one host organic material and at least one p-type dopant, wherein the host organic material for the p-type doped organic layer is capable of Supporting hole transport. 54. The Stacked organic electroluminescent device of claim 52 wherein the n-type dopant in the n-type doped organic layer has a work function less than 4.0 eV. 55. The stacked organic electroluminescent device of claim 54 wherein the n-type dopant in the n-type doped organic layer comprises alkali metals, alkali metal compounds, alkaline earth metals, or alkaline metal compounds, or combinations thereof.
The
56. The Stacked organic electroluminescent device of claim 52 wherein the n-type dopant in the n-type doped organic layer includes organic reducing agents with Strong electron-donating properties, capable of forming charge transfer complexes with the organic host material.
57. The stacked organic electroluminescent device of claim 56 wherein the n-type dopant in the n-type doped organic layer includes bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF), tetrathiafulvalene (TTF), or their derivatives, or combinations thereof. 58. The stacked organic electroluminescent device of claim 52 wherein the host organic material of the p-type doped organic layer includes aromatic tertiary amines hav ing at least one trivalent nitrogen atom that is bonded only to carbon atoms, at least one of which is a member of an aromatic ring.
59. The stacked organic electroluminescent device of claim 52 wherein the p-type dopant in the p-type doped organic layer includes inorganic oxidizing agents capable of forming a charge transfer complex with the host material.
60. The stacked organic electroluminescent device of claim 59 where the p-type dopant in the p-type doped organic layer includes iodine, FeCl3, or SbCl5, or combi nations thereof. 61. The Stacked organic electroluminescent device of claim 52 wherein the p-type dopant in the p-type doped organic layer includes organic oxidizing agents with Strong electron-withdrawing properties, capable of forming a charge transfer complex with the host material.
62. The Stacked organic electroluminescent device of claim 61 wherein the p-type dopant in the p-type doped organic layer includes 2,3,5,6-tetrafluoro-7,7,8,8tetracyanoquinodimethane (F4-TCNQ) or other derivatives of TCNO, or combinations thereof. 63. The Stacked organic electroluminescent device of claim 52 wherein both the n-type and p-type doped concen tration is in the range of 0.01-10 vol. 9%.
64. The Stacked organic electroluminescent device of claim 52 wherein the thickness of each organic electrolu minescent unit is from 2 to 200 nm. 65. The Stacked organic electroluminescent device of claim 52 wherein the thickness of each doped organic connector is from 1 to 100 nm. 66. The Stacked organic electroluminescent device of claim 52 wherein the organic electroluminescent units com prise non-polymeric materials.
67. The Stacked organic electroluminescent device of claim 66 wherein the organic electroluminescent units com prise a hole-transporting layer and an electron-transporting layer.
68. The stacked organic electroluminescent device of claim 52 wherein the organic electroluminescent units com prise polymeric materials. US 6,872,472 B2 33 69. The stacked organic electroluminescent device of claim 68 wherein the organic electroluminescent units com prise a hole-transporting layer and an electron-transporting layer.
70. The stacked organic electroluminescent device of claim 52 comprising at least three organic electrolumines cent units Such that red, green, and blue-emitting units are combined to yield white light. 71. The Stacked organic electroluminescent device of claim 52 wherein the organic electroluminescent units emit essentially the same color. 72. A method of making a Stacked organic electrolumi neScent device having at least two organic electrolumines cent units, comprising the Steps of:
(a) providing a first organic electroluminescent unit con nected to an anode, and a Second organic electrolumi neScent unit connected to a cathode, and (b) providing a doped organic connector to connect at least the first and Second organic electroluminescent units, Such doped organic connector disposed between 74. The method according to claim 72 further including the Step of Selecting the organic electroluminescent units to provide improved luminance efficiency.
75. The method according to claim 74 wherein the num ber of organic electroluminescent units is Selected to improve luminance efficiency.
